Pituitary function has been shown to be regulated by an increasing number of factors, including cytokines and hormones, such as TNF␣ and T 3 . Both the proinflammatory cytokine TNF␣ and T 3 have been suggested to be involved in the maintenance of tissue homeostasis in the anterior pituitary gland. In this report we show that T 3 negatively interferes with MAPK p38 and nuclear factor-B (NF-B) activation by TNF␣ in GH4C1 cells. Our data demonstrate that MAPK p38 is specifically activated upon exposure to TNF␣ and that T 3 abolishes this activation in a timedependent manner by a mechanism that involves the induction of the MAPK phosphatase, DUSP1. Our data show that the pool of up-regulated DUSP1 by T 3 is mainly localized to the cytosol, and that TNF␣ does not affect this localization. On the other hand, we show that T 3 impairs the activation of the NF-B pathway induced by TNF␣, producing a significant decrease in NF-B-dependent transcription, phosphorylation of IB␣, translocation of p65/NF-B to the nucleus, and p65/NF-B transactivation potential. Interestingly, the overexpression of DUSP1 inhibits the NF-B activation achieved by either TNF␣ or ectopic expression of the upstream inducer of MAPK p38. Conversely, DUSP1 depletion abrogates the inhibitory effect of T 3 on the induction of NF-B-dependent transcription by TNF␣. Overall, our results indicate that T 3 antagonizes TNF␣ signaling in rat pituitary tumor cells through the induction of DUSP1. (Molecular Endocrinology 24: 412-422, 2010)
Pituitary function has been shown to be regulated by an increasing number of factors, including cytokines and hormones, such as TNF␣ and T 3 . Both the proinflammatory cytokine TNF␣ and T 3 have been suggested to be involved in the maintenance of tissue homeostasis in the anterior pituitary gland. In this report we show that T 3 negatively interferes with MAPK p38 and nuclear factor-B (NF-B) activation by TNF␣ in GH4C1 cells. Our data demonstrate that MAPK p38 is specifically activated upon exposure to TNF␣ and that T 3 abolishes this activation in a timedependent manner by a mechanism that involves the induction of the MAPK phosphatase, DUSP1. Our data show that the pool of up-regulated DUSP1 by T 3 is mainly localized to the cytosol, and that TNF␣ does not affect this localization. On the other hand, we show that T 3 impairs the activation of the NF-B pathway induced by TNF␣, producing a significant decrease in NF-B-dependent transcription, phosphorylation of IB␣, translocation of p65/NF-B to the nucleus, and p65/NF-B transactivation potential. Interestingly, the overexpression of DUSP1 inhibits the NF-B activation achieved by either TNF␣ or ectopic expression of the upstream inducer of MAPK p38. Conversely, DUSP1 depletion abrogates the inhibitory effect of T 3 T he thyroid hormone T 3 influences a variety of physiological processes in mammals, including cell growth and metabolism (1) . Most, if not all, of these actions are mediated by nuclear T 3 receptors, which are widely expressed in mammalian tissues. Pituitary somatolactotrope cells are a well established target of T 3 , and GH4C1 cells, which are derived from a rat pituitary tumor, have been widely used as a model to understand the mechanisms of T 3 action (2) .
TNF␣ is a proinflammatory cytokine that regulates cell proliferation, differentiation, and apoptosis and induces production of other cytokines (3) . TNF␣ is mainly produced by macrophages, but also by a broad variety of other tissues, including the pituitary, in particular by the intermediate lobe and by the somatotroph cells (4, 5) . The presence of TNF␣ receptors has also been reported both in normal pituitary cells (6, 7) and in the pituitary GH3 cell line (8) , suggesting that this cytokine might well play a role as an autocrine or paracrine regulator of the pituitary cell function. Indeed, TNF␣ has been suggested to be involved in the maintenance of tissue homeostasis in the anterior pituitary gland (8) and is likely to be a major paracrine modulator of lactotroph function (9) .
In many cell types, TNF␣ affects different cellular functions by regulating the phosphorylation cascade of members of the MAPK family, in particular the stress kinases, c-Jun N-terminal kinase (JNK) and MAPK p38 (10) . The activation of MAPK is tightly regulated by MAPK phosphatases, which dephosphorylate MAPK at Thr/Tyr residues critical for activation, thereby contributing to the down-regulation of MAPK activity. DUSP1, also known as MAPK phosphatase 1 (MKP1), the founder member of this family, is induced by a variety of stimuli including growth factors, nuclear receptors, and stress stimuli (11) , and localizes to the nucleus through a LXXLL motif in its amino terminus (12) . The balance between the activation and the inactivation of MAPK is a critical determinant of biological outcomes in many cell types. For example, MAPK p38 activation in the pituitary has been shown to regulate GH gene transcription and expression (13, 14) or the GnRH-signaling cascade (15) .
TNF␣ can also exert its effects by triggering the activation of nuclear factor-B (NF-B)-signaling cascade (10) . NF-B transcription factors consist of dimers assembled from p50 and p65 subunits, which are normally found in the cytosol, retained by interaction with an inhibitory molecule called IB. Activation of IB kinases (IK) leads to phosphorylation and degradation of IB, allowing nuclear translocation of NF-B dimers, where they regulate target gene transcription (16) . It has been shown previously that TNF␣ activates NF-B in pituitary GH3 cells (9, 17) and that this activation can be blocked by coexpressing dominant-negative isoforms of components of the NF-B-signaling pathway (9) .
Interestingly, TNF␣ can simultaneously activate both MAPK p38 and NF-B pathways in different cellular contexts. For example, it has been previously described that MAPK p38 is required for NF-B-dependent gene expression (18, 19) and contributes to TNF␣-dependent NF-B activation through the downstream effector, mitogenand stress-associated protein kinase 1 (MSK1) (20) . The activation of MAPK and/or NF-B pathways by TNF␣ switches many key proapoptotic, antiapoptotic, proliferative, or inflammatory genes that result in the desired cellular responses. Many ligands of different nuclear receptors have been shown to inhibit TNF␣ signaling. Among them, dexamethasone is widely used as TNF␣ antagonist in diverse cellular contexts (21) . To a lesser extent, other nuclear receptors such as the peroxisome proliferator-activated receptor ␣ (22) or the androgen receptor (23) negatively interfere with inflammatory gene expression triggered by the activation of TNF␣-signaling pathway. Interestingly, the progesterone receptor antagonizes the permissive action of estrogens on TNF␣-induced apoptosis of anterior pituitary cells, whereas dexamethasone fails to do it (24) . However, no evidence of regulation of TNF␣ effects by T 3 receptors has been described so far.
We have recently reported that T 3 induces the expression of DUSP1 in pituitary GH4C1 cells by a posttranscriptional mechanism (25) . In this study, we have analyzed the possibility that T 3 could also affect the response of these cells to TNF␣, and we show for the first time that T 3 blocks the effects of the cytokine on both phosphorylation of MAPK p38 and NF-B activity. The inhibitory effect of T 3 on the TNF␣ pathway involves the up-regulation of the cytosolic pool of DUSP1, which, in turn, impairs the phosphorylation of MAPK p38 achieved by TNF␣. Moreover, DUSP1 also controls the induction of NF-B pathway by either TNF␣ or ectopic expression of the upstream inducer of MAPK p38 in GH4C1 cells.
Given the crucial role of TNF␣ in several physiopathological processes, deregulation of TNF␣ function by T 3 is likely to be biologically important in the pituitary.
Results

T 3 selectively inhibits TNF␣-mediated activation of MAPK p38 and induces the expression of DUSP1
TNF␣ exerts its effects through the regulation of MAPK-signaling pathway in different cellular contexts. Considering that this cytokine plays a pivotal role in the maintenance of the homeostasis in the pituitary, our first aim was to test whether TNF␣ was able to regulate MAPK activation in pituitary cells. To that purpose, we first analyzed the phosphorylation level of the classical MAPK (ERK, JNK, and MAPK p38), after treatment with TNF␣ by using phospho-specific antibodies. As shown in Fig. 1A , MAPK p38 was phosphorylated in response to TNF␣ in a time-dependent manner, showing a peak of activation at 15 min incubation. By contrast, TNF␣ did not induce the phosphorylation level of either ERK or JNK (data not shown). The lack of induction of JNK by TNF␣ was confirmed by kinase assays using c-Jun as substrate (data not shown). Different nuclear receptors have been shown to block the activation of MAPK-signaling pathways; therefore, we next investigated the effect of T 3 on MAPK phosphorylation after TNF␣ treatment. For these experiments, MAPK phosphorylation levels were measured by Western blotting in cells pretreated with T 3 for different times and with TNF␣ for the last 15 min. As shown in Fig. 1B , T 3 blocked TNF␣-induced MAPK p38 phosphorylation in a time-dependent manner. By contrast, T 3 did not affect the low levels of the phosphorylated ERK or JNK under the same conditions (Fig. 1B) .
DUSP1 is a phosphatase that regulates MAPK activity by controlling its phosphorylation state in diverse cell lines. Furthermore, we have previously reported that T 3 can induce DUSP1 levels in pituitary cells (25) . Therefore, we next tested whether T 3 was able to regulate TNF␣-mediated activation of MAPK p38 phosphorylation through the induction of DUSP1 in pituitary cells. To test this hypothesis, we first measured the levels of DUSP1 after T 3 treatment up to 24 h. The expression of DUSP1 protein was induced rapidly by incubation with T 3 and was sustained for at least 24 h (Fig. 1C) . Because it has been generally accepted that DUSP1 localizes to the nucleus (12), we next investigated the subcellular localization of DUSP1 after T 3 treatment with or without TNF␣. Surprisingly, control GH4C1 cells showed low expression of DUSP1 in cytosolic fractions, whereas the levels of DUSP1 in nuclear extracts were almost undetectable (Fig.  1D) . Moreover, the pool of up-regulated DUSP1 by T 3 was mainly localized to the cytosol, and the treatment of the cells in the presence of TNF␣ did not induce major changes in the subcellular distribution of DUSP1 both in control and T 3 -treated cells (Fig. 1D) .
We next investigated whether DUSP1 was involved in the regulation of MAPK p38 activity by T 3 . To address this question, cells were transiently transfected with either siControl [a control small interfering RNA (siRNA)] or with two specific siRNAs to knock down DUSP1 expression (siDUSP1), as previously described (25) . After incubation in the absence or presence of T 3 , and/or TNF␣, the levels of DUSP1 mRNA were monitored by quantitative RT-PCR (QRT-PCR). The siDUSP1 reduced DUSP1 mRNA levels by about 80% of those found in cells transfected with the siControl, without any effect of the treatments (Fig. 2A) . Figure 2B shows that although T 3 markedly reduced the induction of MAPK p38 phosphorylation by TNF␣ in cells transfected with siControl, the effect of T 3 was blunted in the cells transfected with the specific siDUSP1. These data demonstrate that DUSP1 mediates the inhibition of TNF␣-induction of MAPK p38 activity caused by T 3 in GH4C1 cells.
T 3 blocks the NF-B pathway induced by TNF␣
TNF␣ effects are mediated, not only by regulating MAPK pathways, but also by activation of the NF-B pathway in diverse cell types. Because NF-B is a known downstream target of MAPK p38 and we have recently shown that T 3 blocks the activity of the NF-B pathway in serum-deprived-GH4C1 cells (25), we tested whether T 3 was also able to prevent the effects of TNF␣ on NF-B activation. For this purpose, GH4C1 cells were transiently transfected with a thymidine kinase (TK)-Luc reporter containing three repeats of the NF-B consensusbinding sequence (3ϫNF-B-Luc). Treatment of the cells with TNF␣ for 6 h caused a significant increase in luciferase activity, and preincubation for 24 h with T 3 reduced TNF␣-mediated activation by about 50% (Fig. 3A) . By contrast, the TK-Luc control reporter showed a low activity, which was not modified in the presence of either TNF␣ or T 3 (Fig. 3A) . NF-B may be activated by stimulation of the transactivation domain in the p65/NF-B subunit. Therefore, we studied whether the differences observed after T 3 treatment were also dependent on the transcriptional activity of p65/NF-B. To address this question, we used a plasmid encoding the Gal4-p65 fusion protein, in which the sequences encoding the DNAbinding domain of Gal4 have been fused with sequences encoding p65/NF-B. Its cotransfection with a Gal4-Luc reporter plasmid allowed us to determine whether cellular signals triggered by TNF␣ and T 3 regulate gene expression by specifically targeting the p65/NF-B protein. Like NF-B-dependent transcription, TNF␣ increased the basal activity of Gal4-p65 about 8-fold, and incubation of the cells with T 3 decreased it by about 50% (Fig. 3B) . By
FIG. 1. T 3 selectively inhibits TNF␣-mediated activation of MAPK p38
and induces the expression of DUSP1. A, GH4C1 cells were incubated with TNF␣ (10 ng/ml) for different times, and total cell lysates were analyzed by Western blotting with antibodies against phosphorylated and total MAPK p38. B, Cells were treated with T 3 (5 nM) for different times and then incubated with 10 ng/ml TNF␣ for the last 15 min. Total cell lysates were prepared and analyzed by Western blotting with antibodies against the phosphorylated and total forms of the three MAPKs. The blots shown are from a representative experiment performed twice with similar results. C, Cells were incubated with T 3 (5 nM) for different times, and the total cell extracts were analyzed by Western blotting using antibodies against DUSP1. Equal protein loading was evaluated by assessing ␤-actin. D, Cells were maintained in the presence or absence of T 3 (5 nM) for 24 h and then incubated with 10 ng/ml TNF␣ for 15 min. The cytosolic extracts (CE) and the nuclear extracts (NE) were analyzed by Western blotting using antibodies against DUSP1. The levels of tubulin and poly ADP ribose polymerase (PARP) were used as controls to validate the integrity of the cytosolic and nuclear fractions, respectively.
FIG. 2.
DUSP1 controls the T 3 -mediated inhibition of TNF␣-induced MAPK p38. GH4C1 cells were transfected with the siControl or with the siDUSP1, incubated for 24 h with T 3 , and then stimulated with TNF␣ for 15 min. A, Total RNA was extracted, and the levels of DUSP1 mRNA were monitored by QRT-PCR. DUSP1 mRNA levels were normalized with glyceraldehyde-3-phosphate dehydrogenase mRNA levels, and the results are expressed as the fold change in mRNA expression. The values represent the mean Ϯ SD. B, Total cell lysates were prepared and analyzed by Western blotting with antibodies against phospho-p38 and total p38. The blots shown are from a representative experiment performed twice with similar results.
contrast, the Gal4 control reporter activity was not modified in the presence of either TNF␣ or T 3 (Fig. 3B) . These results indicate that TNF␣ activates the NF-B transcriptional activity by increasing p65/NF-B transactivation, and that T 3 is able to decrease this effect. However, in agreement with our previous results (25) , it seems that T 3 is not only blocking TNF␣-mediated induction of NF-B, because it also significantly inhibits the basal activity of both NF-B-dependent transcription (Fig. 3A) and p65 transactivation (Fig. 3B) .
As mentioned previously, NF-B is regulated, in part, by a cellular process that involves phosphorylation and degradation of its inhibitory subunit IB␣, permitting active NF-B complexes to translocate to the nucleus and activate transcription. Thus, we measured the kinetics of IB␣ degradation in cytosolic cell extracts upon exposure to TNF␣ in the absence or presence of T 3 . As expected, incubation of the cells with TNF␣ produced a transient decrease of IB␣ levels, which were not significantly modified by treatment with T 3 (Fig. 3C ). We next analyzed the effect of TNF␣ and T 3 on IB␣ phosphorylation and showed that phosphorylated IB␣ levels transiently increased after TNF␣ treatment, whereas T 3 abrogated this effect (Fig. 3C) . We then examined the effect of TNF␣ and T 3 on p65/NF-B levels in nuclear extracts and found that p65/NF-B levels increased after TNF␣ incubation in control cells. However, the translocation of p65/NF-B to the nucleus induced by TNF␣ was strongly reduced after 24 h exposure to T 3 . In contrast, p65/NF-B levels in cytosolic extracts remained quite high and unchanged in the presence of T 3 (Fig. 3C) .
Because we detected differences in the levels of nuclear p65/NF-B after exposure to T 3 , we determined the NF-B-binding activity in nuclear extracts from cells that were incubated with T 3 for 24 h and then with TNF␣ for the indicated time periods (Fig. 3D) . Specific NF-B-DNA-binding complexes were observed when cells were incubated in the presence of TNF␣ for 15 min to 6 h, whereas complex formation was reduced when these cells were previously exposed to T 3 . However, although T 3 treatment appears to reduce complex formation, significant translocation into the nuclear compartment is still observed in the presence of T 3 .
T 3 blocks the NF-B pathway induced by ectopic activation of MAPK p38
The above-mentioned results suggest that T 3 could down-regulate NF-B activity through the induction of DUSP1 and the inhibition of MAPK p38 activity. If MAPK p38 is causally involved in the regulation of the NF-B response to TNF␣ by T 3 in GH4C1 cells, then its activation should be sufficient for NF-B stimulation and A, GH4C1 cells were transiently transfected with a NF-B-driven luciferase reporter plasmid (3ϫ NF-B-TK-Luc) or the parental TK-Luc plasmid (TK-Luc), and pRL-TK-Renilla, treated with T 3 (5 nM) for 24 h and then incubated in the absence or presence of 10 ng/ml TNF␣ for 6 h. Cell extracts were prepared and assayed for luciferase and Renilla activities. The luciferase levels were normalized to those of Renilla and expressed as the induction over the controls. The data represent the mean Ϯ SD of five independent experiments performed in duplicate. B, Cells were transiently transfected with the pGal4-Luc reporter and the pRL-TK-Renilla, together with Gal4 -p65 or the parental Gal4-DBD plasmid (DBD-Gal). Cells were then treated as in panel A, and luciferase levels in the cell extracts were assayed, normalized with Renilla, and expressed as the induction over controls. The data shown represent the mean Ϯ SD of five independent experiments performed in duplicate. C, Cells were incubated with T 3 (5 nM) for 24 h and then treated at different times with 10 ng/ml TNF␣. The cytosolic extracts (CE) and the nuclear extracts (NE) were analyzed by Western blotting using antibodies against IB␣, the phosphorylated form of IB␣ (pIB␣), and p65. Equal protein loading was evaluated with ␤-actin. for T 3 -dependent repression. Accordingly, experiments were carried out to determine the effect of T 3 on NF-B activity in cells transfected with a constitutively active form of the activating kinase of MAPK p38, MAPK kinase 6 (MKK6)EE. As shown in Fig. 4 , MKK6EE was able to induce both NF-B-dependent transcription (Fig. 4A ) and p65 transactivation potential (Fig. 4B) significantly, and incubation with T 3 significantly reduced both responses, indicating that the hormone is able to inhibit the activation of NF-B mediated by MAPK p38. As a control, the MKK6EE-induced activation of NF-B was reversed by the specific inhibitor SB203580, confirming that NF-B is a target for the MAPK p38 pathway in GH4C1 cells (Fig. 4, A and B) . The kinase MSK1 is phosphorylated and activated by MAPK p38 and has been suggested to be the main downstream effector for TNF␣-mediated p65 transactivation potential (20) . To further investigate the mode of action of T 3 on NF-B pathway activity, p65 transactivation was first measured in cells that were transfected either with a vector encoding for wild-type MSK1, the MKK6EE mutant alone, or the MKK6EE mutant plus wild-type MSK1 or two different dominant-negative mutants of MSK1 (dn195 and dn565).
Although their overexpression was quite high, neither basal nor MKK6EE-induced p65 transactivation potential was modified by either the wild-type MSK1 or the two dominant-negative mutants, and T 3 was still able to repress the response to MKK6EE in all groups (Fig. 4D) . The activity of the MSK1 proteins was tested by analyzing the transcriptional activity of a luciferase reporter governed by the cAMP response element binding protein (CREB-Gal), which is a known MSK1 downstream target (26) . As expected, the activity of this reporter was increased by MKK6EE plus wild-type MSK1, whereas the expression of any of the MSK1 dominant-negative mutants abrogated the activity (Fig. 4E) . Furthermore, in agreement with our previous findings showing that T 3 can antagonize CREB-dependent transcription (27), we found that T 3 also reduced CREB-Gal activity. The overexpression of all MSK1 proteins was verified in parallel Western blots (Fig. 4, D and E, insets). To further verify that MAPK p38 was indeed involved in the regulation of NF-B by TNF␣ and T 3 , we examined the effects of the specific inhibitor, SB203580, on the p65 transactivation potential (Fig. 4C) . As expected, the reduction of TNF␣-induced p65 transactivation potential achieved by treatment with either SB203580 or T 3 was very similar and close to 50% (Fig. 4C) .
DUSP1 mediates the inhibitory effect of T 3 on stimulation of NF-B activity by TNF␣ or by MKK6EE expression
Considering that our data demonstrate that MAPK p38 is involved in the regulation of NF-B activity by TNF␣ (Fig. 4) , and that T 3 blocks TNF␣-mediated activation of MAPK p38 through the induction of DUSP1 (Fig. 2) , we next investigated whether DUSP1 affected the NF-B activity in TNF␣-stimulated cells or in MKK6EE-transfected cells. Our results show that overexpression of a plasmid encoding DUSP1 reduced the NF-B-dependent transcription induced by constitutively active MKK6 (Fig. 5A ) or by TNF␣ (Fig. 5C ). Similarly, DUSP1 overexpression reduced the p65 transactivation potential induced by transfecting cells with MKK6EE (Fig. 5B) or by treatment with TNF␣ (Fig. 5D) . In all cases, T 3 was still The luciferase levels were normalized to those of Renilla and expressed as the induction over the controls. The data show the mean Ϯ SD of three independent experiments performed in duplicate. C, Cells were transiently transfected with the pGal4-Luc reporter, Gal4-p65, and pRL-TK-Renilla. Cells were incubated with T 3 (5 nM) or SB203580 (5 M) for 24 h and then with 10 ng/ml TNF␣ for 6 h. Cell extracts were prepared and assayed for luciferase and Renilla activities as in panel A. D and E, Cells were transiently cotransfected with the pRL-TK-Renilla, the pGal4-Luc reporter, and Gal4-p65 (D) or Gal4-CREB (E), together either with a vector encoding wild type MSK1, MKK6EE alone, or MKK6EE plus a vector encoding wild type MSK1, or the mutants MSK1dn195 or MSK1dn565. Cell incubations, cell extracts, and measurement of luciferase and Renilla activities were performed as in panel A. The expression level of MSK1 proteins is shown in the insets. Ren, Renilla; SB, SB203580; wt, wild type.
able to reduce the NF-B activity, albeit to a lesser extent than in control cells. To demonstrate the specificity of the effect of DUSP1 overexpression on the NF-B-relatedreporter genes, we performed similar experiments using either the TK-Luc control reporter or a luciferase reporter gene driven by the collagenase promoter (Ϫ73Col-Luc). As shown in Fig. 5E , the activity of TK-Luc was not modified by either cell treatments or DUSP1 overexpression. On the other hand, the activity of Ϫ73Col-Luc was not changed by either TNF␣ or T 3 treatment, whereas DUSP1 overexpression, rather than inhibit the response to TNF␣, significantly up-regulated it by about 4-fold (Fig. 5F ). These results demonstrate that DUSP1 overexpression specifically down-regulates the activity of the NF-B-relatedreporter genes employed in this study.
To analyze the mechanism by which DUSP1 overexpression reduced NF-B activity, we examined the effect of DUSP1 on TNF␣-induced nuclear translocation of p65/NF-B. As shown in Fig. 5G , TNF␣ significantly increased p65/NF-B levels in nuclear extracts from control cells, whereas the overexpression of DUSP1 partially suppressed the effect of TNF␣. Accordingly, p65/NF-B levels in cytosolic extracts were increased in DUSP1-expressing cells (Fig. 5G ). In agreement with the results shown in Fig. 1D , the phosphatase was essentially absent from nuclei in GH4C1 cells (Fig. 5G) . These data suggest that T 3 inhibits, at least in part, the NF-B activity through the induction of DUSP1 expression.
To assess the role of DUSP1 on inhibition of TNF␣-mediated stimulation of NF-B by T 3 , cells were cotransfected with the 3ϫNF-B-Luc reporter and the siControl or siDUSP1. The levels of DUSP1 mRNA were monitored by QRT-PCR, demonstrating that siDUSP1 attenuated DUSP1 mRNA expression by 60% (Fig. 6A) . In addition, to confirm the knockdown of the protein, DUSP1 protein levels were analyzed by Western blotting. As expected, the transfection with the siDUSP1 abrogated the T 3 -mediated-induction of DUSP1 both in control-and TNF␣-treated cells (Fig. 6B) . On the other hand, when the FIG. 5. DUSP1 overexpression reduces the stimulation of NF-B activity. A and B, GH4C1 cells were transiently cotransfected with a vector encoding MKK6EE, a vector encoding DUSP1, and pRL-TKRenilla, together with either a NF-B-driven luciferase reporter plasmid (3ϫ NF-B-TK-Luc) (A) or the pGal4-Luc reporter and Gal4-p65 (B). After the incubation with T 3 (5 nM) for 24 h, cell extracts were prepared and assayed for luciferase and Renilla activities as in Fig. 4 . The data shown represent the mean Ϯ SD of three independent experiments performed in duplicate. C and D, GH4C1 cells were transiently cotransfected with a vector encoding DUSP1, and pRL-TKRenilla, together with either the NF-B-driven luciferase reporter plasmid (3ϫ NF-B-TK-Luc) (C) or the pGal4-Luc reporter and Gal4-p65 (D). Cells were incubated with T 3 (5 nM) for 24 h and then with 10 ng/ml TNF␣ for 6 h. Cell extracts and measurement of luciferase and Renilla activities were performed as in panel A. E and F, GH4C1 cells were transiently cotransfected with a vector encoding DUSP1, pRL-TKRenilla, together with either the TK-Luc plasmid (E) or the collagenasedriven luciferase reporter plasmid (Ϫ73Col-Luc) (F). Cells were incubated with T 3 (5 nM) for 24 h and then with 10 ng/ml TNF␣ for 6 h. Cell extracts and measurement of luciferase and Renilla activities were performed as in panel A. G, Cells were transfected with a vector encoding DUSP1 and then incubated in the absence or presence of 10 ng/ml TNF␣ for 1 h. The cytosolic extracts (CE) and the nuclear extracts (NE) were analyzed by Western blotting using antibodies against p65 or DUSP1. Equal protein loading was evaluated with ␤-actin. Ren, Renilla.
FIG. 6.
DUSP1 mediates the inhibitory effect of T 3 on TNF␣-stimulated NF-B activity. A, Cells were transfected with the siControl or the siDUSP1, total RNA was extracted, and the levels of DUSP1 mRNA were monitored by QRT-PCR. DUSP1 mRNA levels were normalized with glyceraldehyde-3-phosphate dehydrogenase mRNA levels, and the results are expressed as the fold change in mRNA expression. The values represent the mean Ϯ SD. B, Cells were transfected as in panel A, incubated for 24 h with T 3 , and then treated with 10 ng/ml TNF␣ for 6 h. and DUSP1 and ␤-actin protein levels were analyzed in total cell lysates by Western blotting. C, Cells were cotransfected with the control siRNA or the DUSP1 siRNAs, together with the NF-B-driven luciferase reporter plasmid (3ϫ NF-B-TK-Luc), and treated as in B. Cell extracts were prepared and assayed for luciferase and Renilla activities as in Fig. 5 . cells were incubated with T 3 , the TNF␣-induced-NF-B transcription was reduced to about 50% of control cells, whereas the inhibition by T 3 was abolished in siDUSP1 transfected cells (Fig. 6C ). These results demonstrate that T 3 regulates the TNF␣-activated NF-B pathway through the induction of DUSP1.
Discussion
In this report we show, for the first time, that T 3 is able to repress the activation of MAPK p38 by TNF␣ in pituitary cells. Previous reports indicate that MAPK-dependent pathways are present and active in pituitary cells and are involved in gene transcription regulation stimulated by some hormones and factors, such as IGF-I (28), GnRH (29), or IL-1␤ (30) . In many cells, MAPK p38 is described as being activated by proinflammatory cytokines, such as TNF␣, controlling diverse cellular functions. For example, in the pituitary, it has been demonstrated that TNF␣ regulates apoptosis (8) or prolactin gene expression (9) . Here we demonstrate that this cytokine activates MAPK p38 in pituitary cells without affecting ERK or JNK activity, and, more interestingly, we show that T 3 blocks the stimulation of MAPK p38 activity by TNF␣. To date, different nuclear receptors, such as the glucocorticoid receptor (31) (32) (33) or the peroxisome proliferator-activated receptor-␥ (34), have been shown to be antagonists of the MAPK p38 pathway, but, to our knowledge, this is the first report showing that the T 3 receptors also have this effect.
Many signaling pathways can interact with each other through biochemical cross talk. For example, MAPK p38 and NF-B are known to be activated in response to similar stimuli, including inflammatory cytokines, phorbol esters, bacterial toxins, viruses, or UV light in different cell types. In fact, it is well known that NF-B is a MAPK p38 target in response to TNF␣ in different cell types (35) . Stimulation of NF-B activates the IK signalsome that phosphorylates IB and NF-B proteins, leading to ubiquitination and degradation of IB, and to subsequent translocation of free NF-B dimers to the nucleus. In agreement with this, we found rapid IB␣ phosphorylation and transient nuclear translocation of p65/NF-B, together with an increase in NF-B-mediated transcription and p65/NF-B transactivation potential in TNF␣-stimulated GH4C1 cells. These results are in agreement with those obtained in other pituitary cell lines (9, 17) and reinforce the idea that TNF␣ might act as an autocrine or paracrine regulator of pituitary cell function (6 -8) .
However, the interactions between MAPK p38 and NF-B are not well understood, and they have never been investigated in pituitary cells. Here we demonstrate that MAPK p38 plays an important role on NF-B activation in GH4C1 cells. Previous reports have shown that overexpression or activation of MAPK p38 leads to the degradation of IB␣ and its dissociation from NF-B, thereby allowing p65/NF-B nuclear translocation and DNA binding in NIH3T3 cells (36) , in C2C12 cells (37) , or in L929 cells (18) . In agreement with these reports, our data show that ectopic activation of MAPK p38 induces the NF-B pathway in GH4C1 cells. Interestingly, this activation does not appear to be controlled by the downstream effector MSK1, which has been described as the main mediator of NF-B regulation by MAPK p38 in other cellular systems (20) .
Functional cross talk between nuclear receptors and NF-B has been reported for various classes of receptors and has been shown to be crucial for regulation of many cellular functions (36, 38 -40) . Nuclear receptors can inhibit the action of NF-B in the presence of their cognate ligands by a variety of mechanisms, and we show here that T 3 inhibits NF-B-dependent transcription induced by TNF␣ in GH4C1 cells by affecting the phosphorylation of IB␣, the translocation of active NF-B complexes from the cytosol to the nucleus, the binding of p65/NF-B to B sequences in DNA, and p65/NF-B transactivation. Surprisingly, T 3 impaired the phosphorylation of IB␣ without affecting its degradation. Although we do not have a good explanation for this observation, we can speculate that this apparent discrepancy could be explained in light of the rapid turnover of this protein by resynthesis after TNF␣ treatment, which could hinder observation of the differences between control-and T 3 -treated cells. Alternatively, T 3 could affect the activation of NF-B by a mechanism that is independent of the degradation of IB␣, as previously described (41) (42) (43) . Similar to what happened in TNF␣-stimulated cells, we show that T 3 is able to inhibit both the NF-B-dependent transcription and the p65/NF-B transactivation induced by expression of the constitutively active mutant of MKK6. These findings altogether indicate that the effect of T 3 on the NF-B pathway is mediated, at least in part, by regulation of MAPK p38 and seems to be proximal to MAPK p38 itself. The hormone must block MAPK p38 activation, even when the stimulus is provided by a constitutively active upstream kinase. In addition, these results strongly suggest that the inhibitory effect of T 3 on TNF␣-induced NF-B activity could be also mediated by MAPK p38 regulation. In fact, this hypothesis is very plausible, taking into account that TNF␣ specifically activates MAPK p38 in GH4C1 cells and that T 3 significantly reduces this induction in a time-dependent manner. Moreover, the fact that both T 3 and the specific MAPK p38 inhibitor SB203580 repress TNF␣-induced p65/NF-B transactivation to a similar extent reinforces this hypothesis. Different nuclear receptors have been shown to regulate both the NF-B pathway and the MAPK p38-signaling cascade. For example, dexamethasone synergistically enhances IL-1␤-induced Toll-like receptor 2 expression via negative cross talk with the MAPK p38 pathway and NF-B activation (44) . On the other hand, PPAR␥ reduces proinflammatory cytokines expression by antagonizing the activity of MAPK p38 (34) and by interfering with NF-B (45). Moreover, estradiol blocks the hypoxiamediated activation of both MAPK p38 and NF-Bdependent transcription (46) . In agreement with all these reports, our data show that T 3 can also block both the NF-B pathway and MAPK p38 phosphorylation induced by TNF␣ in pituitary cells.
DUSP1 is a phosphatase that is gaining interest as an antiinflammatory molecule because it impairs the response achieved by diverse proinflammatory agents including TNF␣ (47, 48) . Using the siRNA approach to selectively inhibit DUSP1 expression, we demonstrate in this report that the effect of T 3 on TNF␣-induced MAPK p38 and NF-B activation is mediated by this phosphatase, because DUSP1 depletion abrogates the effect of the hormone. We also used a converse approach, namely DUSP1 overexpression, and showed that NF-B activation by either TNF␣ or ectopic expression of the upstream inducer of MAPK p38 was almost abrogated, whereas T 3 continued to inhibit the NF-B activity. Taking the effects of DUSP1 knockdown and DUSP1 overexpression together, we conclude that DUSP1 is an important mediator of the T 3 -induced inhibition of both the MAPK p38-and the NF-B-signaling pathways. Several reports have shown an inhibition of the NF-B signaling pathway concomitant with an induction of the expression of DUSP1 in diverse cellular systems (49 -51) . However, the existence of both events at the same time was only circumstantial in all cases. By contrast, we had shown that DUSP1 governs T 3 -mediated inhibition of the NF-B pathway in serumdeprived GH4C1 cells (25) , and in this report we demonstrate that this is also true for TNF␣-stimulation. Regulation of the NF-B pathway by DUSP1 is not surprising considering that this protein has been identified as one of the components of the IKK signalsome. Indeed, DUSP1 coassociates with IKK␣, and it was speculated that DUSP1 (or the DUSP1-reactive protein identified in the IKK signalsome) might be the phosphatase responsible for down-regulating IKK␣/␤ activity (52) (53) (54) . This hypothesis could explain our data showing that T 3 inhibits NF-B through a mechanism dependent on DUSP1 expression. To study this possibility, we have performed experiments to analyze the possible interaction between DUSP1 and IKK␣/␤ in GH4C1 cells, and our preliminary data show that TNF␣, alone or in combination with T 3 , is able to induce the association between DUSP1 and IKK␣/␤ (data not shown). On the other hand, our results show that the pool of up-regulated DUSP1 by T 3 is mainly localized to the cytosol, suggesting that T 3 -induced-DUSP1 specifically affects proteins that are located at this compartment. Subcellular localization is an important regulatory feature of DUSP1. Despite the fact that the nuclear distribution of DUSP1 is known in many systems, the mechanisms regulating its localization remain poorly defined. It has been suggested that the two basic clusters in the amino terminus of DUSP1, which are critical for binding to MAPK p38 (55) , also serve to target DUSP1 to the nucleus (12) . Thus, it is conceivable that, upon T 3 treatment, the basic clusters of DUSP1 bind to the cytosolic pool of MAPK p38, hindering complete nuclear localization of DUSP1. Alternatively, DUSP1 may interact with other proteins through its LXXLL motif, which may retain DUSP1 in the cytosolic compartment. These findings altogether strongly suggest that DUSP1 could inhibit the NF-B pathway by regulating IK activity through its interaction with the IK signalsome, although the underlying mechanism requires further investigation.
In conclusion, we have shown, for the first time, that T 3 can antagonize the TNF␣ signaling pathway in pituitary cells by a mechanism that involves the induction of DUSP1. Both T 3 and TNF␣ have been shown to be produced locally in the pituitary gland, suggesting that this effect could be important for pituitary physiology in vivo. Moreover, the fact that T 3 regulates the effects of TNF␣ on both MAPK p38 and NF-B activation in GH4C1 cells opens new perspectives in the study of the role of T 3 as an antiinflammatory ligand controlling TNF␣ effects in the pituitary. 
Materials and Methods
Materials and plasmids
Cell culture and transfection
GH4C1 cells were cultured in DMEM supplemented with 10% fetal bovine serum. In the experiments, the cell medium was replaced by fresh medium containing 0.1% AG1ϫ8 resin and charcoal-stripped fetal bovine serum, and cells were incubated in the presence or absence of T 3 (5 nM) and with or without TNF␣ (10 ng/ml) as indicated. Control cells were incubated with the same volume of the vehicle used to dissolve the different compounds.
GH4C1 cells were transfected by electroporation, as described previously (59) with minor modifications (25) .
NF-B reporter assays
The NF-B reporter assay was performed as described previously (25) with minor modifications. Cells were transfected as described, and the reporter assays were performed 24 h later. Each experiment was repeated at least three times with similar differences in regulated expression, and all data are expressed as the mean Ϯ SD.
Cell extracts and Western blot analysis
Nuclear and total cell extracts were prepared as described previously (25) . For Western blot analysis, cells were incubated as described in the figure legends and then harvested in lysis buffer (25) . The protein content of the cell or nuclear extracts was normalized, and the samples were separated by SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were probed with the primary antibodies indicated and were detected with a peroxidase-coupled secondary antibody. Antibody binding was visualized using the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ).
EMSA
After cell treatment, DNA binding was assessed by EMSA as previously described (25) .
Real-time quantitative RT-PCR
They were performed as previously described (25) .
Statistical analysis
All data are expressed as means Ϯ SD. In statistical analysis, Student's t test was performed using the SSC-Stat software (version 2.18; University of Reading, Reading, UK). The statistical significance of difference between groups was expressed by asterisks (*, 0.01 Ͻ P Ͻ 0.05; **, 0.001 Ͻ P Ͻ 0.01; ***, P Ͻ 0.001).
